Mechanochemical processes are perhaps the least understood of the various excitation mechanisms. In these energy transformation processes mechanical stimuli lead directly to initiation and substantial reaction under conditions not thought to be capable of reaction. There are no established scientific models of the initiation of mechanochemical reactions in energetic materials. Mechanochemical reactions can be initiated by enhanced solid state chemical reactivity, changes in reactant configuration, and localization of initiation energy. Such solid state reactions are difficult to understand, either empirically or scientifically, as they are inherently nonequilibrium processes; scientific models currently used assume equilibrium thermochemical conditions and materials behaviors. The present work was undertaken as a first step in developing a scientific basis for prediction of the initiation of mechanochemical processes in high energy density solids. The work was supported by Sandia Laboratory Directed Research and Development (LDRD) funding and included cooperative efforts with the Los Alamos National Laboratory, as well as with Georgia Tech, New Mexico Tech and North Carolina State Universities. Considerable detail on theory and experimental characterization of mechanochemical processes has been published by the authors as a result of the work. The present report summarizes those publications. Under the extreme mechanical loading conditions often encountered with energetic materials, it is to be expected that mechanochemical processes can be significant in the initiation of reaction. There is considerable information on mechanochemical processes in more conventional mechanical loadings, but there is little theory or data describing mechanochemical processes under high-pressure shock compression. Mechanochemistry is truly a neglected, but critical, area of energetic material science and technology, The present work, sponsored principally by Sandia LDRD funding, and leveraged with cooperative efforts, was undertaken to initiate a science-based capability to understand mechanochemical processes in high explosives and ballotechnics sufficiently well to predict initiation and chemical reaction behaviors. The work has been reported in detail in sixteen scientific papers including both theory-centered and experiment-centered papers which are listed at the end of this report. The published work includes comprehensive review articles. Because the work is documented extensively in the published papers, we restrict the presentation in the present report to the main highlights.
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It is found that descriptions of mechanochemical effects in problems of mechanical deformation of highly porous solids are essential to describe deflagration-to-detonation (DDT) and shock-to-detonation (SDT) processes in high explosives, as well as initiation of chemical reaction of ballotechnics. A new class of energetic materials, called "ballotechnics" has been identified from research at Sandia. Unlike high explosives which are relatively easy to initiate, ballotechnics are difficult to initiate. The starting ballotechnic materials are typically mixtures of powders in a highly porous (perhaps 50% dense) form which can be made to initiate by high pressure shock-wave loading. The controlling initiation processes are thought to be mechanical in character.
All uses of energetic materials require detailed consideration of safety. The overriding issues are the operating environments within which safe and reliable performance can be achieved. The high energy density, powerful nature of the energy source places particular emphasis on safety. Presently two diverse methods are used to establish safe operating conditions. Empirical testing has provided extensive databases of conditions for initiation of chemical reaction or alteration of reliable performance.
Nevertheless, the expense and sometimes ambiguous nature of testing has led to the use of computers for realistic numerical simulation of explosive initiation and performance. For the simulations to be effective they must be based on scientific identification of the processes significant to the events, and quantification of the materials behaviors. Very considerable progress has been made in simulation and numerous computer codes are in operation for engineering design.
Of particular interest to Sandia are the phenomena observed in high explosives in which deflagation (burning) is sometimes observed to lead to detonation. Such "DDT" Universities.
The present report will first summarize the results of the research as shown in the published works. Results describing the theory-centered publications will be followed by similar experiment-centered publications. The report closes with a general summary, and a full list of publications. Study of the samples also shows whether the deformation is viscoplastic or elastic w i t h local sample cracking. Such information cannot be determined by time-resolved measurements alone. In most cases it is apparent which component of a two-component mixture carries the bulk of the deformation and flows around the other constituent.
THE PUBLISHED WORK
Materials behavior show surprising variations. For example, silicon behaves in a brittle fashion in some situations and in a plastic mode in others, depending on the particle size, porosity and substituent. Under some conditions, aluminum is found to flow around iron oxide particles, and in other conditions, the opposite is true. In stresses and porosities in which iron oxide deforms around aluminum particles, it is observed that the same aluminum deforms around tungsten oxide particles. The observed behaviors cannot be described by simple, equilibrium-mixture theory.
Considerable detail was obtained on the Ti-Si samples from experiments on powders of three different sizes. The work is the first to use both sample-preservation and time-resolved stress measurements on the same powders. The strong influence of morphology dominated the observations. Interpretation of the observations requires that the theory incorporate local inter-particle stresses as well as micromechanical intra-particle stresses. As observed in all time-resolved stress measurements, the sample behaviors are dominated by rate-dependent deformation. In recent, not yet analyzed experiments, the ratio of mixtures was substantially altered with major changes in experimentally observed wave structure. This materials system appears to offer the potential for development and validation of a theoretical model for twocomponent powder deformation under shock loading.
In a revealing and highly significant experimental advance, the PVDF stress gauge was combined with the VISAR particle velocity system to obtain a simultaneous timeresolved description of the deformation of a shock-compressed, highly porous HMX sample. Both experimental tools have previously been shown to provide detailed information on wave structure, but each provides a fundamentally different description of materials behavior.
The VISAR provides direct infomation on compression or volume change. The PVDF gauge provides direct information on stress and, as additional data, stress-rate.
Rate-dependent materials descriptions may differ significantly depending upon whether the model is strain or stress based. When combined experimentally, a materials response model which fits the data is unambiguous within the experimental errors.
The observations with the combined PVDF-VISAR measurements on a porous HMX powder showed the time-dependent collapse of the powder into the voids in a time of about 150 nsec. The deviation of the materials response from one-dimensional overall conditions due to local-stress interparticle configurations was clearly indicated in the data.
Such measurements appear to be particularly powerful for future work developing micromechanical models of materials deformation.
Finally, it should be recognized that development of the precise impact loading, PVDF and VISAR experiments provides a capability for future funding that requires such experimental capabilities
PREDICTIVE CAPABILITIES
It has not been possible in the limited scope of the present work to fully develop the predictive capability to describe mechanochemical processes in energetic materials.
Attainment of this objective must be a very long range one, as the phenomena are complex, there are few data upon which models can be built, and materials descriptors and algorithms in models may require major revision. Nevertheless, the work firmly establishes the need to incorporate mechanochemical effects in materials behavior models.
The work makes the first, highly significant steps needed to build a more substantive predictive capability.
The work is certainly sufficient, both theoretically and experimentally, to establish that present predictive models, based largely on thermochemical processes, are not fully capable of predicting initiation and propagation of chemical reaction in shock-deformed energetic materials. The failure to include mechanochemical processes represents a major shortcoming of the present predictive capabilities.
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